Wireless power transfer (WPT) systems can be used in various situations such as electric vehicles and electronic equipments. This paper developed a mobile WPT system with a LCCL resonance structure and a parameter configuration method to develop favorable transmission characteristics. Using the circuit equivalence principle, the formula for output power and transmission efficiency of the system was obtained. The system parameters were determined and the transmission characteristics of the system were analyzed by simulation. The experimental platform was built according to the determined parameters and was used to analyze the transmission characteristics of the system. The experimental results show that the developed system can acquire favorable transmission characteristics and provide an effective means for 1.5 kW WPT application.
Introduction
Magnetically coupled resonant wireless power transfer (MCR-WPT) systems can transfer energy from the power supply to the load without electrical contact [1, 2, 3] . WPT is safe, convenient, and easy to maintain, and is mainly used in fields such as electric vehicles [4, 5, 6] , electronic equipment [7] , and biomedical engineering [8] .
The structures of WPT systems have been studied extensively in recent years. L. Parameter configuration and improvement and optimization of WPT systems have been studied. The research shows that the output power and transmission efficiency of WPT systems are related to a number of factors such as working frequency, transmitting distance, coil inductance, coupling coefficient and load impedance of the system [9, 10] . F. Wenzhen, et al. researched the influence of different coil parameters on transmission efficiency and developed a coil optimization method. Their conclusion showed that the energy of a WPT system can be maximum between the two coils in the state of resonance coupling [11] . Z. Chunbo, et al. analyzed the relationships between transmission characteristics of WPT system and different transmission distances. Their experimental results showed that the system output power can be transmitted up to 50 W, the transmitting efficiency is more than 60%, and the distance of the energy transfer is longer than 1 m [12] .
The remainder of this paper is organized as follows. Using the circuit equivalence principle in WPT systems, a LCCL resonance structure is developed in Section 1 and then the formula derivation is completed. The parameter configuration method is presented in Section 2, and the system transmission characteristics are analyzed using Matlab simulation in Section 3. In Section 4, the experimental platform is set up and related experiments are conducted to analyze the system transmission characteristics. Section 5 presents the conclusions.
Circuit model and parameter configuration
The transmission characteristics of WPT systems could be affected by different resonance structures as well as different parameter configuration methods. This section introduces the LCCL resonance structure and the parameter configuration method.
Circuit model
In general, the traditional structure of WPT systems can be divided into four types: series-series (SS), series-parallel (SP), parallel-serial (PS), parallel-parallel (PP). The series (S) or parallel (P) means that inductance L and capacitance C on the transmitting side or receiving side are connected in series or in parallel. These four structures are relatively simple and easy to use. However, the disadvantages of them include low output power, high system loss and large stress on the switch device. In addition, the four traditional structures of WPT systems have poor transmission characteristics which are not stable in high-power situations.
For the requirements of inverter in the transmitting side, a LCCL resonance structure (which is composed of two inductances and two capacitors in the transmitting side) was developed in order to improve the system transmission characteristics. The circuit model of LCCL WPT system is shown in Fig. 1 , where the DC voltage input is U in and the inductances of the transmitting coil and receiving coil are L p and L s , respectively. The mutual inductance of the two coils is M. The transmitting side of LCCL resonance structure is constituted by L r , C p , L p , and C r , and the receiving side is constituted by L s and C s .
The load is R L . To facilitate this analysis, the output rectifier and filter can be replaced by the equivalent resistance R eq [13] . The relationship between R eq and R L is
In order to ensure that the working frequency of the WPT system is consistent with the natural resonant frequency of the receiving side, the compensation capacitor C s in the receiving side is equal to
The total impedance on the receiving side is Z s . The reflected impedance from the receiving side to the transmitting side can be defined as Z r which is equal to
Then, the total impedance Z of the transmitting side is equal to
and the real part and imaginary part of Z are, respectively,
where
To make the system resonant, ImðZÞ should be 0 in equation (5) . The parameters of the transmitting side can be determined by
where the current I in and I p in the transmitting side are 
So the output power and transmission efficiency of the LCCL WPT system are
Parameter configuration
In order to analyze the system parameters together, the inductance coefficient n and the coupling coefficient k are introduced in Eqs. (11) and (12) respectively. The system parameters are shown in Table I .
The traditional parameter configuration method of WPT system is usually determined by Eq. (13) , which is easy to compute [14] . However, Eq. (13) usually leads to the imaginary part of total impedance ImðZÞ ≠ 0, which makes the developed system non-resonant at the working frequency. In this condition, the system transmission characteristics are poor. According to the analysis in Section 2.1, aiming at better transmission characteristics, we have developed a new method to ensure ImðZÞ ¼ 0 which makes the whole system resonant. The detailed steps of the developed method are as follows:
1) Determine the working frequency of the system. According to the requirements of WPT system, f ¼ 85 kHz is chosen in this design. 2) Calculate the value of the compensating capacitor C s in the receiving side.
According to Eq. (2), C s ¼ 15:18 nF. 3) Analyze the relationships between the transmission characteristics, inductancecoefficient n, and capacitance C r . According to the requirements of the system output power and transmission efficiency, n and C r are determined by simulation in Fig. 2 . 4) Obtain the inductance L r of the transmitting coil and the capacitance C p using Eqs. (11) and (6), respectively. The simulation was completed using Matlab, and Fig. 2 shows a graph of the system transmission characteristics. The system output power and transmission efficiency are related to the values of the inductance coefficient n and the capacitance C r . When C r is 35 nF and n is 0.25, the system can achieve the maximum output power, which is 1847 W. However, the transmission efficiency is only 53.27%, which is too low to meet the requirements of the WPT system at this time. When C r is 20 nF and n is 0.2, the system output power is 1493 W, which is lower than 1847 W. However, the transmission efficiency is 93.3%, which is much higher than 53.27%. So the selected point should be C r ¼ 20 nF and n ¼ 0:2. It makes sure that the system can acquire favorable transmission characteristics as shown in Fig. 2 (a) and Fig. 2(b) . Although the selected point is not a local maximum point, it can be adopted in practice. According to Eq. (11) and Eq. (6), L r is 56 µH and C p is 9.70 nF. Using this parameter configuration, the system output power is 1493 W and the transmission efficiency is 93.3%, which can be applied to 1.5 kW WPT system with a working frequency of 85 kHz.
Simulation
In practice, the system working frequency, the distance between the transmitting coil and receiving coil could be changed, which will affect the system transmission characteristics. In this section, the frequency and distance characteristics were completed by simulation characteristics were completed by simulation.
Frequency characteristics simulation
According to the Eqs. (9), (10), and (12), the system transmission characteristics are affected by the working frequency f and the coupling coefficient k. In practice, the frequency of a WPT system for electric vehicles fluctuates from 80 kHz to 90 kHz and the natural resonant frequency is usually 85 kHz. With the parameter configuration in Section 2.2, the simulation of frequency characteristics is shown in Fig. 3 . When the working frequency is 85 kHz, which is consistent with the natural resonant frequency, the system output power and transmission efficiency are maximum. When the working frequency is not 85 kHz, the total impedance of LCCL WPT system increases, so the system output power and transmission 12), we can see that k can be changed with the parameters of two coils. In addition, with the change of coupling coefficient k from 0.2 to 0.24, the system output power and transmission efficiency will decrease gradually. In order to obtain the maximum output power and transmission efficiency, k should be 0.2. In this situation, the system output power and transmission efficiency can achieve 1493 W and 93.3% respectively.
Distance characteristics simulation
When the distance h is changed, the mutual inductance M is also changed. So in order to analyze the distance characteristics, the relationship between M and h is found as follows:
where 0 is the vacuum permeability; N 1 and N 2 are the turns of two coils, respectively; r 1 and r 2 are the inner diameter of two coils, respectively; and K(b) and E(b) are the first and second kind of complete elliptic integral, respectively.
In practice, the vertical distance h between the transmitting coil and the receiving coil should be from 10 cm to 20 cm. For WPT systems of electric vehicles, the transmitting coil should be put on the ground and the receiving coil should be set on a vehicle platform. So the distance h depends on the type of vehicle and is usually 15 cm on average. Based on Eqs. (9), (10), and (14) , the distance characteristics of the LCCL WPT system are shown in Fig. 4 . The system output power and transmission efficiency initially increase and then decrease when the distance h increases. The changes of the system transmission characteristics in Fig. 4 can be divided into three states [15] : over-coupling, optimum coupling, and deficient coupling. When the distance h is less than 15 cm, which is the overcoupling state, the frequency splitting phenomenon occurs and the output power cannot reach the maximum. When the distance h is 15 cm, the system works at the resonance point, which is the optimum coupling state. At the same time, the system output power and transmission efficiency are at their maximum. When the distance h continues to increase, the system is in the deficient coupling state. The coupling coefficient k of the two coils begins to decrease, and the system output power and transmission efficiency decrease. Therefore, when the system is working at the frequency of 85 kHz, the system output power and transmission efficiency are at their maximum for the distance of h ¼ 15 cm. In this case, the system output power and transmission efficiency are 1473 W and 92.7%, respectively.
Experimental
The experimental platform design, experimental tests and analysis were presented in this section. The experimental tests and analysis of the system transmission characteristics are mainly divided into three parts: frequency, distance, and dynamic characteristics.
Experimental platform design
The experimental platform of the LCCL WPT system is shown in Fig. 5 and can be divided into five units: energy emission unit, energy coupling unit (includes transmitting coil and receiving coil), energy receiving unit, load unit, and wireless communication unit. The rectification devices (H3P150FYB and DSEI60-06A) were used in the transmitting side and the receiving side respectively. And metaloxide-semiconductor field-effect transistors (MOSFET) were used in the inverter circuit. The main parameters of the system are shown in Table II .
Experimental tests
Using the application requirements for electric vehicles, experiments on frequency, distance, and dynamic characteristics were conducted as follows:
• When the working frequency f is affected by external factors such as the load variation, the system transmission characteristics also change. The frequency characteristics experiment was conducted to analyze the system transmission characteristics when the working frequency changes. In this case, the working (a) System output power of distance characteristic (b) System transmission efficiency of distance characteristic Fig. 4 . Distance characteristics of the LCCL WPT system frequency f was changed by the trigger angle of MOSFET in the inverter circuit. • In practice, the distance h between the transmitting coil and the receiving coil may be changed by the height difference. The distance characteristic experiment was conducted in order to analyze the system transmission characteristics when the distance h of two coils is changed in the vertical direction.
• For the mobile WPT system, the distance of the transmitting coil and the receiving coil change in the horizontal direction. The dynamic characteristic experiment was conducted to analyze the relationship between the system transmission characteristics and the moving distance in the horizontal direction. Two transmitting coils with the same parameters and the receiving coil were set up to test the system transmission characteristics over the whole process of the movement.
In these three experiments, the values of the system output voltage and current were measured using an oscilloscope (TDS3000C). The frequency experiment data was measured at each frequency point from 80 kHz to 90 kHz. The distance experiment data and dynamic characteristic experiment were measured at every 1 cm and 15 cm respectively. The load was selected as 5 Ω in order to test the transmission characteristics of the developed system. Ref. [16] also shows that the load resistance R L is selected as 5 Ω, which is reasonable in SS and LCC structures of the WPT system. The effect of load on the system transmission characteristics is not discussed in detail in this paper and needs to be analyzed in future experiments.
Experimental analysis
The three experimental results are shown in Fig. 6, Fig. 7 and Fig. 8 , respectively, and the experiment analysis are as follows: • The results of frequency experiment and distance experiment are shown in Fig. 6 and Fig. 7 . The experimental values of output power and transmission efficiency are basically consistent with the simulation values, but there is an error. The electromagnetic interference and internal resistance of each element in the system are neglected in simulation, so the actual values are slightly lower than those of the simulation. In the frequency experiment, the maximum errors of the system output power and transmission efficiency are 9.51% and 9.14% respectively. • As for the distance experiment, the maximum errors of the system output power and transmission efficiency are 5.75% and 5.36%, respectively, compared with the simulation results. The cause of the errors is consistent with frequency experiment. Besides, the maximum output power and transmission efficiency are acquired at the working frequency f ¼ 85 kHz which is the same as the simulation.
• For the dynamic characteristics experiment, because the two coils are not coaxial, the calculation of mutual inductance between the two coils is more complex than that in the distance experiment. Therefore, the simulation analysis of dynamic characteristics is not carried out. The experiment result shown in Fig. 8 is symmetrical, and the transmission characteristics are exactly the same on both sides of the transmitting coils because there are two trans- Fig. 7 . Effect of distance on the system transmission characteristics mitting coils with the same parameters. Thus, the transmission characteristics of the system only need to be analyzed on one side. When the moving distance is from 15 cm to 30 cm, the system output power increases from 1313 W to 1452 W and the transmission efficiency increases from 78.3% to 91.0%. However, when the moving distance is at 67.5 cm, the system output power drops to 544 W and the transmission efficiency decreases to 58.2%. So the moving distance needs to maintain a certain range in practice. When the moving distance is in the ranges of 20$40 cm and 95$115 cm, the change of the system output power and transmission efficiency is controlled within 100 W and 6%, respectively. The transmission characteristics of the system are relatively stable using these ranges.
Conclusions
This paper developed a mobile WPT system with a LCCL structure (which is composed of two inductances and two capacitors in the transmitting side) for the application in electric vehicles. A circuit model of WPT system was established. The equivalent impedance was introduced to deduce the formulas of the transmission characteristics and a parameter configuration method was determined. The frequency and distance characteristics of the WPT system were analyzed in detail using the simulation method. The system parameters were developed when the working frequency of WPT was 85 kHz, the vertical distance h was 15 cm, and the load was 5 Ω. Aiming at the mobile WPT system, this paper designed three kinds of experiments including frequency characteristics experiment, distance characteristics experiment, and dynamitic characteristics experiment. The results showed that when the working frequency was f 85 kHz, the vertical distance h was 15 cm, and the center axes of the two coils coincided on a line, the WPT system can obtain maximum output power of 1450 W and transmission efficiency of 91.0%. When the simulation results and experimental results were compared, the error was less than 10%. So the simulation method and the experimental method are suitable for the design of WPT system. And the favorable transmission characteristics of the developed system can satisfy the application in electric vehicles. The parameter configuration method, the simulation analysis method, and the experimental Fig. 8 . Dynamic transmission characteristic of the LCCL WPT system method in this paper can provide an effective means to design mobile wireless power transfer systems.
